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We demonstrate ultrafast magnetization dynamics in a 5d transition metal using circularly-
polarized x-ray free electron laser in the hard x-ray region. A decay time of light-induced demagne-
tization of L10-FePt was determined to be τPt = 0.6 ps using time-resolved x-ray magnetic circular
dichroism at the Pt L3 edge, whereas magneto-optical Kerr measurements indicated the decay time
for total magnetization as τtotal = 0.1 ps. A transient magnetic state with the photo-modulated
magnetic coupling between the 3d and 5d elements is firstly demonstrated.
PACS numbers: 78.47.jb
In recent times, photo-induced magnetism has at-
tracted significant attention from researchers because of
its non-trivial mechanism and avenues for practical appli-
cation [1]. An early study on photo-induced magnetism
involved ultrafast demagnetization of ferromagnetic Ni
foil within 1 ps studied by the magneto-optic Kerr ef-
fect (MOKE) [2]. Since then, extensive investigations
have been conducted to find more novel photo-induced
magnetic phenomena and explain their mechanisms [3–
6]; among these, the phenomenon of all-optical helicity-
dependent switching (AOHDS) has been a hot topic for
research. Ferrimagnetic GdFeCo was reported to show
magnetization switching when it was exposed to a cir-
cular polarized optical laser [3]; subsequent studies have
revealed that a wide range of ferrimagnetic materials,
including TbCo, DyCo, and HoFeCo, show similar AO-
HDS phenomena [4]. Till recently, AOHDS was consid-
ered to be possible only in ferrimagnetic thin films that
has a compensation temperature near the room tempera-
ture with perpendicular magnetic anisotropy (PMA) [5];
however, it was observed that ferromagnetic Co/Pt su-
perlattice thin films and granular L10-FePt also exhibited
AOHDS [6]. Hence, thus far, the necessary conditions re-
quired for observing AOHDS have not been established.
Considering this, to understand the mechanism of
photo-induced magnetization dynamics, element-specific
measurements are necessary because magnetic materials
that show remarkable photo-induced behaviors contain
more than one magnetic element [5]. X-ray magnetic
circular dichroism (XMCD) is an element-specific mag-
netism measurement technique [7, 8] and time-resolved
x-ray magnetic circular dichroism (trXMCD) can pro-
vide information on element-specific dynamics of mag-
netic materials. In a previous soft x-ray trXMCD study
at Fe L and Gd M edges, it was shown that magnetization
dynamics show a transient (∼ 1 ps) ferromagnetic state
in ferrimagnetic GdFeCo by photo-excitation; in particu-
lar, it was considered that this ferromagnetic state drives
magnetization reversal via magnetization coupling mod-
ulated by laser illumination [9].
It is also important to directly observe the dynamics
of Pt magnetic moment using an element-specific exper-
imental probe such as trXMCD because it can be used
to analyze hard magnetic materials with PMA exhbiting
AOHDS containing Pt. For trXMCD, soft x-rays have
been primarily used on the L (2p→3d) and M (3d→4f)
edges of 3d and 4f elements, respectively. Nevertheless,
to the best of our knowledge, the L (2p→5d) edge of 5d
transition metals, which exists in the hard x-ray region,
has not been used for trXMCD; thus, element-specific
spin dynamics of ferromagnetic materials with Pt have
not been clarified. In another study, ultraviolet light
from a high harmonic generation laser was applied on
the O edge (5p→5d) of Pt and M edge of Co to observe
trXMCD [10]; however, the XMCD of the O edge of Pt
was not sufficiently large to determine the precise time
scale for Pt demagnetization. Owing to their large spin-
orbit interaction, 5d elements play an important role in
magnetism; furthermore, trXMCD at L edge in the hard
x-ray region is necessary to entirely understand the ul-
trafast demagnetization process. X-ray free electron laser
(XFEL) enabled time-resolved measurements of ultrafast
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FIG. 1. (a) Experimental setup for trXMCD constructed at SACLA BL3. (b) Fluorescence spectrum. The shaded area
indicates the energy window of the Pt Lα emission line.
phenomena with its ultrashort x-ray pulses with a dura-
tion of < 1 ps [11, 12] and it has been applied to a lot of
research fields including magnetization dynamics [13]. In
this study, we report the first trXMCD measurements in
the hard x-ray region using the XFEL, for which an x-ray
phase retarder was used to produce circular polarized x-
rays [14]. We successfully determined the photo-induced
ultrafast spin dynamics of Pt magnetic moments in L10-
FePt thin films with PMA.
We used single crystal thin films of L10-FePt alloy
with a thickness of 20 nm as samples for our experiment.
These samples were fabricated on MgO(100) substrates
epitaxially using the sputter method at a substrate tem-
perature of 500◦C.
Figure 1(a) shows the experimental setup for the
pump-probe trXMCD based on the fluorescence yield
method in SACLA BL3 [12]. In this beamline [15],
time-resolved hard x-ray absorption spectroscopy [16, 17]
and diffraction [18–20] have been reported; however,
thus far, time-resolved x-ray absorption measurements
with circular polarized XFEL pulses have not been
performed. To combine the diamond x-ray phase re-
tarder [14] and the timing-monitor system [21–23], we
adopted the optics setup of somewhat acrobatic; a pink
(quasi-monochromatic) self-amplified spontaneous emis-
sion radiation with the bandwidth of ∼ 40 eV illumi-
nated the diamond crystal tuned to generate circular
polarization at a target x-ray energy, and the follow-
ing four-bounce channel-cut monochromator selected the
monochromatic beam with circular polarization. We
confirmed that the setup with a diamond crystal with
the thickness of 1.5 mm and Si 111 channel-cut crys-
tals worked well to produce circular polarization with a
high degree of circular polarization of Pc > 0.9 at 11.567
keV [24]. The timing monitor system [21–23] effectively
compensated the jitter of XFEL pulses and the resulting
temporal resolution blow 50 fs was achieved.
X-ray fluorescence detection method was used to ac-
quire x-ray absorption and XMCD signals using a multi-
port charge-coupled device (MPCCD) detector [25]. The
circularly polarized x-ray beam at the Pt L3 edge (∼ 11.6
keV) was incident on the sample in the direction normal
to the film plane at a repetition rate of 30 Hz. X-ray flu-
orescence emitted from the sample was photon-counted
and energy-analyzed by the MPCCD placed at the side
with a distance of 150 mm. A Zn filter with a thick-
ness of 50 µm was used to eliminate the strong elastic
and Compton scattering from the sample substrate. Fig-
ure 1(b) shows a typical x-ray fluorescence spectrum,
in which the Pt Lα fluorescence was observed around
9.4 keV. X-ray absorption signals of Pt were measured
as the photon counts integrated over an energy window
of 9.15-9.83 keV. The magnetization of the sample was
saturated with a perpendicular magnetic field of 0.6 T
applied using a permanent magnet. A Ti:Sapphire laser
with a photon energy of 1.5 eV with the pulse duration
of approximately 30 fs was used to pump.
To characterize the dynamics of total magnetization
of the sample, time-resolved MOKE (trMOKE) mea-
surements were performed using visible laser as pump
and probe light with the setup shown in Fig. 2(a). A
Ti:Sapphire regenerative amplifier with a photon energy
of 1.5 eV, a pulse width of 100 fs, and a repetition rate of
1 kHz was used as the light source. The pump beam was
a fundamental light, and its repetition rate was decreased
to the half of the fundamental frequency (500 Hz) with
an optical chopper. The probe beam with a fundamental
frequency of 1 kHz had a photon energy of 2 eV which
converted by a optical parametric amplifier, and was in-
cident nearly normally on the film surface, after which
the polarization of the reflected light was analyzed.
Figure 2(b) shows trMOKE results of L10-FePt with
the pump laser fluence of 32 mJ/cm2. The Kerr rota-
tion angle θMOKE normalized by an angle before excita-
tion θMOKE,0, reduces to about 40 % of that in the un-
excited state. The charactoristic demagnetization time
τtotal was calculated via fitting using a single exponential
function:f(t) = 0 (t ≤ 0) and a [1− exp(−t/τtotal)] (t >
0), convoluted by gaussian function. We determined that
the time scale is τtotal = 0.1 ps when the same pump laser
fluence as trXMCD. The time constant τtotal is compara-
ble to that in the previous trMOKE study, i.e., 0.15-0.38
ps [26].
First we show the results of x-ray absorption and the
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FIG. 2. TrMOKE of L10-FePt thin films. (a) Experimen-
tal setup used for trMOKE measurements. (b) Experimental
results with a fluence of 32 mJ/cm2 as well as exponential
fitting curve .
XMCD spectrum in L10-FePt using our setup in SACLA.
Figure 3(a) shows the x-ray absorption at the Pt L3 edge,
measured for positive (µ+) and negative (µ−) photon he-
licities, respectively. µ+ and µ− are normalized to unity
such that the polarization-averaged XAS is unity, i.e.,
(µ++µ−)/2 = 1, at 11.567 keV before excitation. XMCD
is defined as the difference of x-ray absorption of different
helicities, ∆µ = µ+−µ−. The clear XMCD spectra with
the magnitude of ∼ 15% with respect to the edge jump
was observed and are in good agreement with the results
using a synchrotron beamline [27].
TrXMCD measurements were performed at an x-ray
energy of 11.567 keV, at which the Pt XMCD spectrum
takes the maximum. Figure 3(b) shows the dependence
of the trXMCD amplitude on the fluence of the pump
laser at a fixed delay time of 100 ps. With the fluence of
40-80 mJ/cm
2
, the XMCD intensity is almost constant.
Above 80 mJ/cm
2
, both µ+ and µ− decreased simulta-
neously, which was a signature of a destructive damage
of the sample due to the strong irradiation of the optical
laser. Therefore, we set the laser fluence to 32 mJ/cm
2
to
avoid damaging the sample and this condition was there-
fore used to obtain the trXMCD data presented in the fol-
lowing. The results of pump-probe delay scan are shown
in Fig. 3(c). X-ray absorption signals of µ+ and µ− varied
symmetrically with the delay time towards µ+ = µ− = 1.
This behavior demonstrates fast demagnetization of the
Pt 5d magnetic moment, which has been firstly observed
by the element-specific hard x-ray trXMCD technique
presently developed. The time scale of demagnetization
is estimated to be τPt = 0.61(4) ps via fitting with a sin-
gle exponential function as in the case of trMOKE. The
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FIG. 3. TrXMCD of L10-FePt thin films. (a) Static x-ray
absorption spectra at the Pt L3 edge. The photon energy was
determined to be 11.567 keV as indicated by the arrow. (b)
Transient XMCD intensity plot with a delay of 100 ps as a
function of laser fluence. (c) Delay scan graphs of the x-ray
absorption intensity. The inset shows the result over a wide
time range.
fitting result is shown by the dashed lines in Fig. 3(c). At
longer delay times shown in the inset of Fig. 3(c), both
µ+ and µ− recovered to the values to those before irradia-
tion of the optical pump laser within 1 ns. The time scale
of recovery starting around 200 ps after slower recovery
is estimated to be 260 ps via fitting the results using the
exponential function; this value is close to the recovery
time scale of total magnetization, i.e., 200 ps, which has
been determined from the trMOKE results shown in the
inset of Fig. 2(b). This similarity between the time scales
indicates that the Pt and total magnetic moment nearly
attain an equilibrium state during the recovery process
in 200-260 ps.
The magnetization dynamics of Fe and Pt are schemat-
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FIG. 4. (a) Schematic diagram of the magnetization dynam-
ics determined using trXMCD and trMOKE. (b) Normalized
trXMCD and trMOKE intensities.
ically depicted in Fig. 4(a) and corresponding results of
trXMCD and trMOKE are plotted together, as shown
in Fig. 4(b). XMCD amplitudes and Kerr rotation an-
gles have been normalized to the values unexcited state
(t < 0) to discuss the relative changes in the magnetic
moment in Pt and total magnetization. The spin and or-
bital magnetic moment values of Fe and Pt have been
determined to be mFespin = 2.28µB, m
Fe
orb. = 0.21µB,
mPtspin = 0.30µB, and m
Pt
orb. = 0.036µB [27]. The mag-
netic moment of the Fe 3d band contributes to 88% of
total magnetization. It would be relevant to assume that
trMOKE results mostly reflect the Fe magnetic moment
and used to discuss ultrafast dynamics of Fe. One can
see that Fe is demagnetizing much faster than Pt, which
was characterized by the different demagnetization times,
τtotal = 0.1 ps and τPt = 0.6 ps. In regard to the am-
plitude of demagnetization of Fe and Pt, Pt is more de-
magnetized than Fe. Pt magnetic moment is decreasing
to 20% of the full magnetization state, while Fe remains
the magnetic moment more than 40% of the full mag-
netic moment. This means that the ratio of magnetic
moments of Fe and Pt changes, but the absolute value
of Fe magnetic moment is still lager than Pt in the re-
gion of 0 < t < 0.6 ps, even where Fe magnetization
decreases very rapidly. Pt magnetization is induced by
forming alloys with other ferromagnetic materials such as
Fe and Co, and ferromagnetic coupling characterizes the
magnetic nature of L10-FePt. The difference of demag-
netization ratio suggests photo-modulated ferromagnetic
coupling or electronic hybridization between Fe and Pt.
A possible reason of the element-dependence of demag-
netization time scales would be difference of the partial
density of states (pDOS) in the vicinity of the Fermi level
EF. Pt 5d bands exist in an energy region lower than Fe
3d bands [26, 28] and pDOS of Fe is larger than that of
Pt around the Fermi energy. Irradiation of the optical
laser of hν = 1.5 eV can affect the electronic states with
the energy of EF − hν < E < EF + hν so that electron
temperature of the system will increase instantaneously.
The spin temperatures of Fe could increase more rapidly
than that of Pt since the pDOS in that energy region is
much more than pDOS of Pt. Furthermore, elemental Pt
is a paramagnetic metal and the ferromagnetic moment
of Pt in L10-FePt is induced by the ferromagnetic ele-
ment of Fe [29]. By taking these results into account, the
element-dependent magnetization dynamics could be ex-
plained as follows. The laser pulse modifies the electronic
temperature and causes the preferential demagnetization
of Fe. Then the magnetic moment of Pt disappears fol-
lowing the demagnetization of Fe.
A previous study for the systematic trXMCD mea-
surements of 3d and 4f pure elements and alloys indi-
cated that demagnetization time scales are proportional
to magnetic moments [30]. However, for the present re-
sults of the 3d and 5d metal alloys, the magnetic mo-
ment of Pt is seven times smaller than Fe; nevertheless,
the demagnetization time of Pt is six times longer than
that of Fe. This relatively large difference in demagne-
tization time scales might be related to the mechanism
of AOHDS in the FePt granular. As indicated previ-
ously, it was established that GdFeCo shows AOHDS [6],
and in a past study of trXMCD of GdFeCo, ferrimag-
netic GdFeCo also exhibited element dependent demag-
netization dynamics with τGd = 0.43 ps > τFe = 0.1 ps,
which causes the transient ferromagnetic state [9]. Thus
element-dependent time scales that were confirmed for
L10-FePt in our study and its similarity to the above-
mentioned GdFeCo report, indicates that element depen-
dence of time scales is present in both ferro- or ferri- mag-
netic materials exhibiting AOHDS. Further experimental
and theoretical studies have to be done to understand
the mechanism of demagnetization process and AOHDS
in the 5d systems.
In conclusion Pt magnetization dynamics were stud-
ied in L10-FePt thin films with trXMCD using ultra-
short and circularly polarized XFEL pulses at the Pt
L edge, in the hard x-ray region. With the comple-
mentary use of trMOKE measurement, we demonstrated
element-specific observation of demagnetization process
with the different time scale of Pt and total magneti-
zation as τPt = 0.6 ps and τtotal = 0.1 ps, and found
the transient magnetic state, where the ratio of the mag-
netic moment in Pt and Fe was changed. To obtain truly
element-specific information of the Fe magnetic moment
in the present system, trXMCD experiment in the similar
time resolution at the Fe L edges using soft x-ray XFEL
will be necessary. In the future, our newly-developed
trXMCD technique can be extended to the Pt L2 edge
and transient spin and orbital magnetic moments may be
obtained by sum rule analysis [31].
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